Abstract: Change in Blood Volume in the Brain during a Simulated Aircraft Landing Task: Yoshinori TAKEUCHI. Department of Public Health, Kyorin University School of Medicine-The change in brain blood volume during a stressful task was measured by using Near Infra-Red Spectroscopy (NIRS) which monitors concentration changes in oxygenated hemoglobin (HbO 2 ) and deoxygenated hemoglobin (Hb) levels in the brain. To operate a flight simulator is a complex task and well-reflected real world, which is different from the task in a laboratory. Nine pilots landed a flight simulator in a crosswind of which the velocity was varied as four conditions from the light to strong. HbO 2 obtained from left forehead was increased as a function of wind velocity. Few or no changes were seen in HbO 2 from right forehead or Hb from both the left and right forehead. The results of this study showed that the brain blood volume was affected by mental stress which depended on the difficulty of the task. An assessment of mental stress may be able to monitor an increase in HbO 2 in the left forehead by NIRS in the field. (J Occup Health 2000; 42: 60-65) 
Near Infra-Red Spectroscopy (NIRS) is widely used to monitor brain haemodynamics in premature babies or patients during surgery. NIRS measures concentration changes in oxygenated hemoglobin (HbO 2 ) and deoxygenated hemoglobin (Hb) levels in the brain by using near infrared light (700-950 nm) which has good penetration of biological tissues 1, 2) . There are several recent studies which used NIRS to measure changes in hemoglobin during cognitive tasks or loads [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . These studies suggested that there was difference in cerebral oxygenation affected by task content and the region measured, but past studies were conducted in the laboratory, so that the results were not readily applicable to field studies. To estimate mental stress in the area of industrial hygiene, it is necessary to investigate overall functional brain activity in the actual field. The brain monitoring by NIRS make possible use in the field studies, and it is a non-invasive technique.
To operate an aircraft is a stressful task because momentary misjudgment may result in a serious accident. As simulator technology improved, the overall value of flight simulators was well established 14) . It is possible that mental and physical flight stressors may cause physiological changes in the brain. Until now measuring brain waves has been the only method to monitor brain activity during flight, but results from brain wave measures such as EEG 15, 16) or evoked potentials 17) did not correspond with each other. Wierwille 18) stated that the utility of these brain wave measures had not yet been firmly established.
In the absence of major changes in hematocrit, total hemoglobin is related to cerebral blood volume 19) . Since NIRS is a reliable measure of HbO 2 and Hb, NIRS may be used to estimate brain blood volume in the absence of hematocrit change. In this study with NIRS we estimated the effect of mental flight stress on a pilot's brain oxygenation, by measuring changes in the concentration of hemoglobin during simulated flights. This report is the first time that brain blood volume was measured during complex tasks which might cause mental stress in an operator.
Subjects and Methods

NIRS system and flight simulator
Two NIRS systems (Hamamatsu-Photonichs, NIRO-500) were used to compare the data obtained from the right and left foreheads of our subjects. Photo-emitters were positioned 1.0 cm lateral to the center of the forehead, and photos-sensors were positioned 4.5 cm lateral to the emitters. Data were collected every 0.5 second and stored in a personal computer for off-line analysis.
The flight simulator we used was modeled after the Japan Air Self Defense Force (JASDF) T-2 jet trainer. The T-2 jet trainer is familiar to all JASDF pilots. The outside scene is displayed as a computer generated image with a 116 (horizontal) × 25 (vertical) degree field of view. Since the simulator did not include physical stimuli such as shock or vibration, flight stressors in this experiment were not physical but mental in nature. In addition, precise rather than quick controls are necessary during the approach and landing phase, and the manipulations of the control stick did not require much muscular strength because of the hydraulic system.
Subjects
There were nine right-handed male subjects (mean age 36.1 yr old) who had enough flight experience in the simulator (mean flight hour 173.3). Subject characteristics are as shown in Table 1 . We obtained informed consent from all subjects before our study began. All subjects responded to a comprehensive questionnaire about their medical history and lifestyle. They were all healthy and had no past history of central nervous system (CNS) diseases including head trauma; they were also free of other significant medical conditions such as hypertension, diabetes mellitus, arrhythmia, and valvular heart disease. The subjects avoided alcohol and strenuous physical activity on the day prior to data collection.
Experimental conditions
As a flight task provided to subjects, we selected crosswind landing which involved landing an aircraft in a strong wind. First, because it was a difficult and dangerous task, the subjects felt mental stress. Second, we could vary task difficulty by controlling crosswind velocity. Third, because crosswind landing is a popular task with pilots, the experiment results may be accepted by pilots. We introduced wind from either side of the simulated aircraft. The wind velocity was set at one of four conditions according to definitions of difficulty commonly accepted by the fighter pilot community: 0 knots (low difficulty), 12 knots (21.6 km/h, medium low difficulty), 16 knots (28.8 km/h, medium high difficulty), and 20 knots (36.0 km/h, high difficulty). The four wind conditions were randomized for each landing.
Evaluation of flight controllability and task difficulty
To evaluate the flight controllability, the vertical and horizontal positions of the simulated aircraft were recorded by a mini-computer within the simulator to compare with the desired flight path. After each landing, the subjects rated task difficulty on a 1-5 scale, (1=very easy; 5=very difficult) by checking an answer sheet.
Subjects' estimation of fatigue
To evaluate fatigue caused by the experiment, the subjects estimated their fatigue level before and after the experiment. The test used was the Subjective Symptoms Test of Fatigue. This test is given as a checklist comprising (or including) 30 items such as "Feel eye strain" or "Become nervous". This test was designed by the Industrial Fatigue Research Committee of the Japanese Association of Industrial Health 20) . It is popular with industrial hygienists in Japan.
Procedure
The aircraft movements and time charts are shown in Fig. 1 . The subjects rested for one minute in the cockpit with lights off and eyes closed. The subjects flew simulated level flight for one minute (level phase), then received the instructions to begin descent and information on wind conditions from the experimenter. The pilots descended toward a touchdown point on a regulated glide path (descent phase). After touchdown, the pilots taxied the simulated aircraft along the runway center line, and braked to a full-stop as quickly as possible (taxi phase).
Simulated wind conditions were engaged during both the descent and the taxi phase of the simulated flight. The simulated flight was suspended after the taxi phase and the subjects rated the difficulty of the task on the 1-5 difficulty rating scale.
The experiment was administered for four days for each subject, and he landed the aircraft in the above mentioned manner once under each of four wind velocity conditions.
Results
Evaluation of the flight control and the task difficulty
The average time for each phase of the simulated flights was: 64.0 sec in the level phase, 85.8 sec in the descent phase, and 18.8 sec in the taxi phase. The length of each phase was not influenced by wind conditions. Vertical and horizontal deviations from the desired flight path were calculated 21) . As the wind velocity increased, course deviation error increased.
The subjects' estimations of task difficulty were proportional to crosswind velocity. Averages of the rated difficulty of each crosswind velocity were 2.3, 3.0, 3.3 and 3.6 (Fig. 2) . There was statistical significance between a pair of averages according to Tukey's multiple comparison (P<0.05). Figure 3 shows representative samples of recorded changes in HbO 2 obtained from the left forehead. The same changes as in Fig. 3 were seen in all subjects. There were few changes in HbO 2 during the level phase. The volume of HbO 2 began to increase in the descent phase, and the maximum value was reached just before touchdown or during the taxi phase.
Changes in hemoglobin
Because the data from NIRS systems used are represented as the change relative to the starting point of zero obtained at the beginning of level flight, according to the report of Obrig et al. 8) , maximum amplitude of change was used as an index. The maximum change in HbO 2 obtained from the left forehead increased as a function of wind velocity from 2.17 to 4.12, 4.83 and 7.83 µmol/l, respectively (Fig. 4) . Three factor analysis of variance performed on the maximum amplitude of HbO 2 is shown in Table 2 . On the basis of the data in Fig. 4 , Tukey's multiple comparison was performed, and there was found statistical significance between every pairs (P<0.05). The results showed that changes in HbO 2 were affected by wind velocity, and the amplitude reading obtained from the left forehead was more pronounced than that from the right forehead.
As shown in Figs. 4 and 5, there was little difference between the left and right forehead in the maximum amplitude of Hb.
Subjects' estimation of fatigue
The average frequencies of complaints of fatigue were 1.2 and 1.1 before and after the experiment, respectively. There was no significant difference between before and after the experiment.
Discussion
Evaluation of flight control difficulty
The course deviation error and the subjective estimation of difficulty demonstrated that the subjects' perception of operational difficulty and mental stress was dependent on the crosswind velocity. It was concluded that the crosswind landings used in this experiment were appropriate for the experimental task.
Landing in a 20 knot crosswind is a very hard task, and is the upper limit for instructor pilots to land according to regulations. It is likely that the subjects were subjected to mental stress induced by the flight task. 
Changes in hemoglobin
According the results of statistical analysis, the main effects of the task strength and the laterality affected the brain oxygenation of HbO 2 in the left forehead. Interactions were found between wind velocity and laterality because there was not difference between the data for the left and right forehead in 0 knot conditions. The subjects were most stressed just before touchdown, and felt most challenged during the taxi phase. Since the time of regional cerebral transit is 3.2 ± 0.67 sec 22) , the changes in HbO 2 corresponded to the flight phase. The concentrations of HbO 2 were changed by the flight phase and the wind velocity, which indicated mental flight stress effects on brain oxygen metabolic function.
Okada et al. 12) observed an increase in HbO 2 and a decrease in Hb during cognitive task loads. They hypothesized that although oxygen consumption due to the psychological tasks probably induced an increase in Hb, a marked increase in blood volume would be expected to bring about a relative decrease in Hb. The following alternative explanation appears more plausible given the current data. It is known that oxygen consumption does not increase as much as increases in blood flow when the nerve cells are activated in the brain 23) . The NIRS measurements reflect the changes in the oxygenation state in the cerebral venous compartment 2) . The increase in HbO 2 may mean that NIRS measured the amount of HbO 2 which was supplied but not consumed. and Hb on the left forehead. There are not statistical differences in HbO 2 and Hb.
As for the difference between right and left sensor positions, the findings in this experiment coincided with other researches 3, 4) by means of NIRS in cognitive tasks. In some experiments in which NIRS was used, an increase in HbO 2 was found in activated cortical areas, for example, in language tasks 5, 6) and motor tasks [7] [8] [9] . The results of this study showed that brain oxygenation measured by NIRS corresponds to the strength of mental stress. The NIRS monitor is not intended to replace EEG but add information to assess mental stress in field studies outside of the laboratory.
Subjects' estimation of fatigue
The mean frequency of complaints of fatigue (1.2 and 1.1) by our subjects was very low when compared with 2.3 of clerical workers 17) . It was indicated that all subjects who participated in the experiment were in good health, and that they did not become tired, mentally or physically, due to the experiment. After the flight, fatigue in the subjects was not influenced by the flight stress which they experienced during the Hight flight, because they were used to flight the simulator used in this experiment.
